The Wzz proteins are important for determining the length of the O-antigen side chain attached to lipopolysaccharide (LPS). Several bacteria, including Pseudomonas aeruginosa strain PAO1 (serogroup O5), produce two such proteins responsible for the preference of two different chain lengths on the surface. Our group has previously identified one wzz gene (wzz1) within the O-antigen locus of P. aeruginosa strain PA103 (serogroup O11). In this study we have identified the second wzz gene (wzz2), located in the same region of the genome and with 92% similarity to PAO1's wzz2 gene. Mutations were generated in both wzz genes by interruption with antibiotic resistance cassettes, and the effects of these mutations were characterized. Wildtype PA103 prefers two O-antigen chain lengths, referred to as long and very long. The expression of the long O-antigen chain length was reduced in the wzz1 mutant, indicating the Wzz1 protein is important for this chain length preference. The wzz2 mutant, on the other hand, was missing O-antigens of the very long chain length, indicating the Wzz2 protein is responsible for the production of very long O-antigen. The effects of the wzz mutations on virulence were also investigated. In both serum sensitivity assays and a mouse pneumonia model of infection, the wzz1 mutants exhibited greater defects in virulence compared to either wild-type PA103 or the wzz2 mutant, indicating the long chain length plays a greater role during these infectious processes.
Pseudomonas aeruginosa is a gram-negative bacterium that is ubiquitously found in the environment. It typically infects immunocompromised individuals and has been identified as the fourth leading cause of hospital-acquired infections (15) . An important virulence factor for many gram-negative bacteria, including P. aeruginosa, is the lipopolysaccharide (LPS) located in the outer portion of the outer membrane. LPS is composed of lipid A, a core oligosaccharide, and O-antigen. P. aeruginosa produces two different forms of O-antigen: A-band (also known as common antigen), which is a homopolymer of Drhamnose, and B-band, which is the heteropolymer responsible for serogroup specificity. The synthesis of each is complex and has been reviewed extensively elsewhere (25) . For B-band, the Wzx translocase flips the O-antigen subunit linked to undecaprenol phosphate from the cytoplasmic to the periplasmic face of the inner membrane, where the subunits are linked together by the Wzy polymerase to form the O-antigen side chain. The entire O-antigen side chain is then added to lipid A-core by the WaaL ligase. Of particular interest for B-band synthesis are the Wzz proteins, which regulate the number of subunits added together, giving rise to a narrow strain-specific range of Oantigen chain lengths (20) .
Several bacteria produce bimodal distributions of O-antigen side chains, and two wzz genes have been found within the genomes of these bacteria that are responsible for regulating the two different chain lengths (22, 29) . The best-described examples are Salmonella enterica serovar Typhimurium, which has wzz st adjacent to its O-antigen locus and wzz fepE elsewhere in the genome (22) , and Shigella flexneri, which has wzz sf in its O-antigen locus along with a plasmid-encoded wzz pHS-2 (29) . Wild-type Salmonella predominantly expresses O-antigen chain lengths that are long (16 to 35 subunits) and very long (Ͼ100 subunits). Salmonella wzz st mutants do not express long O-antigen chain lengths and were more sensitive to serum (22) . In a mouse model of infection, the wzz st mutant was also more readily cleared by the immune system, as revealed by lower splenic burdens, when compared to the wild-type organism. A Salmonella strain with a mutation in the Wzz fepE protein, which regulates the very long O-antigen chain length, behaved similarly to the wild-type strain, suggesting this chain length serves another purpose than that characterized by these assays (22) .
The role of different Wzz proteins and various O-antigen chain lengths has also been studied in Shigella flexneri. It was shown that the very long O-antigen chain length (Ͼ90 subunits) produced by the Wzz protein encoded on a plasmid (wzz pHS-2 ) was necessary for Shigella's resistance to complement (19) . Previously, using O-antigen-deficient LPS mutants, Sandlin et al. (26) found that the presence of O-antigen on LPS was necessary for the cell-to-cell spread characteristic of S. flexneri infections. Strains of S. flexneri that lack O-antigen showed aberrant localization of IcsA; this protein, which is needed for actin-based motility, is normally localized to one pole of the bacterium but was found over the entire cell surface in O-antigen mutants (26) . Morona et al. (19) further investigated this requirement for O-antigen in IcsA activity by showing that the short O-antigen chain length (11 to 17 subunits) regulated by Wzz sf was necessary for proper activity of IcsA. Complementation of a wzz sf mutant with Wzz proteins from other bacteria resulted in actin-based motility only when the O-antigen chain length was below a certain number as dictated by the heterologous Wzz protein. O-antigen chain lengths that were too long (Ͼ18 subunits) prevented IcsA from being able to interact with host cell proteins needed to initiate actin-based motility (19) .
Based on differences in the B-band O-antigen composition, 20 international antigenic serogroups have been identified in P. aeruginosa (17) . The gene sequences for the proteins involved with O-antigen biosynthesis and assembly have been identified and proposed for a representative of all 20 P. aeruginosa serogroups (24). Raymond et al. (24) identified a wzz gene within every locus using the GENEMARK gene prediction algorithm. The effects of mutations inactivating the wzz gene have been determined in the serogroup O5 strain PAO1 (3). It was noted that this Wzz protein was responsible for regulating the long O-antigen chain lengths (between 12 to 16 and 22 to 30 subunits) but not the expression of the very long chain lengths (40 to 50 subunits) in strain PAO1 (3), suggesting the presence of another wzz gene in the P. aeruginosa genome. Using the amino acid sequence of Wzz, a search of the entire PAO1 genome revealed PA0938, with 37% similarity to Wzz (5). Mutation of PA0938, renamed wzz2, resulted in a strain that was not able to regulate the very long O-antigen, which was not altered in the original wzz (renamed wzz1) mutant. Antibodies to Wzz2 were reactive with all 20 serogroups of P. aeruginosa, suggesting that a homologous protein was present across all serogroups (5).
Why P. aeruginosa maintains two Wzz proteins and two preferred O-antigen chain lengths is not known. Daniels et al. (5) suggested that Wzz2 is necessary for P. aeruginosa to maintain very long O-antigen chains that may be important for serum resistance, often a critical factor for virulence of this organism, although the effects of these PAO1 wzz mutations on virulence were not investigated. They further suggested that the long O-antigen chains regulated by Wzz1 may be important for proper localization and activity of outer membrane proteins, as has been shown for S. flexneri (19) .
We have identified two wzz genes in P. aeruginosa strain PA103 (serogroup O11). To determine whether the results obtained for the wzz mutants in PAO1 (serogroup O5) apply universally to this important pathogen, we have generated strains with mutations in the wzz genes of PA103. Serogroup O11 strains are common in infections, and strain PA103 has been used extensively in animal models of infection and to define the type III secretion system of P. aeruginosa (8, 13) . Additionally, our laboratory has established an attenuated Salmonella vaccine that expresses the serogroup O11 O-antigen on its surface (7). Here we investigate the effects of mutating the wzz1 and wzz2 genes in PA103 on O-antigen expression and on virulence of P. aeruginosa; these effects have not been investigated for this pathogen in the context of different Oantigen chain lengths.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Bacterial strains (Table 1) were grown at 37°C in LB either rotating or shaking at 200 rpm for liquid cultures or on L agar or trypticase soy agar (TSA) for plate cultures. Escherichia coli DH5␣ was used for all cloning experiments. Pseudomonas isolation agar (Becton Dickinson and Company, Sparks, MD) was used to recover mutants after triparental matings. Media were supplemented with tetracycline (100 g/ml for P. aeruginosa, 10 g/ml for E. coli), gentamicin (250 g/ml for P. aeruginosa), kanamycin (50 g/ml for E. coli), ampicillin (100 g/ml for E. coli), or carbenicillin (500 g/ml for P. aeruginosa), when necessary.
DNA manipulations. Chromosomal P. aeruginosa DNA was isolated using the Wizard Genome Prep kit (Promega, Madison, WI). Plasmid DNA was isolated using the Qiagen Miniprep kit (Valencia, CA). Restriction enzymes were purchased from New England Biolabs (Ipswich, MA) and used following the manufacturer's instructions. PCRs were performed using Roche HiFi polymerase (Basel, Switzerland), and amplicons were purified using Qiagen's PCR purification kit following the manufacturer's instructions.
Construction of mutants via allelic exchange. The wzz1 coding region (ϳ1 kb) was amplified from genomic DNA using the primers amwwzz1 and amwwzz2 (Table 2 ) and inserted directly into the Topo2.1 vector (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Next, a 1-kb gentamicin resistance (Gm r ) cassette from pUCGM was inserted into the PstI site within the wzz1 gene. An EcoRI digest was performed to remove the interrupted wzz1 gene Triparental matings were performed using DH5␣ containing the helper plasmid pRK2013 (10) . After mating, transconjugants were selected on PIA medium containing the appropriate antibiotics. Since the pEX18Ap and pEX100T vectors contain the sucrose sensitivity gene sacB and are ampicillin resistant, colonies were patched onto LB plates containing 5% sucrose and subsequently screened for carbenicillin sensitivity, indicative of loss of the plasmid backbone (28) .
Insertion of the antibiotic resistance marker into the wzz1 and wzz2 genes was confirmed by PCR and Southern blot analysis. For confirmation of the wzz1 mutation by Southern blotting, an XhoI digestion was performed on the genomic DNA. Similarly, for confirmation of the wzz2 mutation, a StuI digestion was performed. Digested DNA was separated on a 0.7% agarose gel and transferred to GeneScreen nylon (Perkin-Elmer Life and Analytical Sciences, Waltham, MA). PCR amplicons were labeled and detected using the Amersham (Buckinghamshire, United Kingdom) enhanced chemiluminescence DNA labeling kit according to the manufacturer's instructions.
Complementation of wzz mutants. Complementation was performed by amplifying the coding region of each wzz gene from genomic DNA followed by insertion into Topo2.1. wzz1 was amplified using the primers Wzz1 Fd and Wzz1 Rv. wzz2 was amplified with the primers Wzz2 start Fd and Wzz2 Ext Rv. The inserts were removed from Topo2.1 using the sites designed into the primers and inserted into the pMMB66HE vector under control of the Ptac promoter. Ligations were precipitated using isopropanol, resuspended into 1ϫ TE (10 mM Tris-HCl pH 7.4, 1 mM EDTA pH 8.0), and electroporated directly into P. aeruginosa using an Eppendorf 2510 electroporator. P. aeruginosa was prepared for electroporation by resuspending several swabs from an overnight TSA plate into 1.0 ml of distilled H 2 O, washing twice with 0.5 ml H 2 O, and then resuspending in 200 l H 2 O.
LPS preparations and visualization. A hot aqueous phenol extraction was used to isolate LPS (31) . Overnight LB cultures of P. aeruginosa strains were diluted to an optical density at 600 nm (OD 600 ) of 0.5 followed by pelleting of 1.5 ml. Pellets were resuspended in 200 l of 1ϫ sodium dodecyl sulfate (SDS) buffer (0.1 M Tris-HCl pH 6.8, 2% ␤-mercaptoethanol, 2% SDS, 10% glycerol) and boiled for 15 min. After samples cooled, 10 g/ml concentrations each of DNase and RNase were added and incubated at 37°C for 30 min. Proteinase K was added at 10 g/ml, and samples were incubated for 3 h at 60°C. A 200-l aliquot of cold Tris-saturated phenol was then added, and the samples were vortexed and incubated for 15 min at 65°C. One ml of diethyl ether was then added, and the samples were centrifuged at 14,000 rpm for 10 min. The bottom layer was transferred to a new microcentrifuge tube, and the phenol-ether extraction was performed once more. A 200-l volume of 2ϫ SDS buffer was added to the samples after the final extraction. For detection of the A-band, whole-cell lysates were also used: bacteria were grown as described above, followed by dilution to an OD 600 of 0.5 and pelleting. Cells were resuspended in 100 l of 2ϫ SDS buffer and boiled for 10 min.
LPS samples were separated on either 8 or 12% SDS-polyacrylamide gels and transferred to nitrocellulose. Blots were analyzed with either A-band-specific monoclonal antibody N1F10 (16) or polyclonal serogroup O11 antiserum (Accurate Chemical & Scientific, Westbury, NY). Secondary antibodies were either anti-mouse immunoglobulin M for N1F10 antibody or goat anti-rabbit immunoglobulin G coupled to either alkaline phosphatase or horseradish peroxidase (Sigma-Aldrich, St. Louis, MO) for the polyclonal O11 antiserum.
Serum sensitivity assay. Strains were grown at 37°C for 18 h on TSA plates and resuspended in 1% peptone-phosphate-buffered saline (PBS) to an OD 600 of 0.05. A 100-l aliquot was combined with an equal volume of normal human serum diluted in 1% peptone-PBS to final concentrations of 12.5% and 20%. A 1% peptone-PBS (0% serum) solution and heat-inactivated serum (56°C for 1 hour) served as controls. Samples were incubated for 1 hour at 37°C with shaking at 200 rpm. After incubation, samples were serially diluted, plated onto TSA plates, and grown overnight at 30°C to determine the number of CFU.
In vivo mouse model of infection. Strains were grown on TSA plates for 12 h at 37°C, then resuspended in PBS to an OD 650 of 0.5, and diluted to obtain the desired dose in 20 l. The University of Virginia Animal Care and Use Committee approved all procedures used in this work. Six-to eight-week-old female BALB/c mice were anesthetized by intraperitoneal injection with 0.2 ml of ketamine (6.7 mg/ml) and xylazine (1.3 mg/ml) in 0.9% saline, and then 10 l of the bacterial inoculum was placed into each nostril. To identify the 50% lethal dose (LD 50 ) of the strains after infection, mice were monitored for up to 1 week for morbidity and mortality. The LD 50 s and the 95% confidence intervals (CI) were calculated by Probit analysis. The 95% CI that do not overlap differ at P level of Ͻ0.05.
For dissemination studies, bacterial strains were prepared and delivered as described above. Twenty-four hours after infection, mice were sacrificed by anesthetic overdosing followed by performing nasal washes (NW) in the volume of 0.5 ml of PBS supplemented with 1% bovine serum albumin (PBS-B). The lung, liver, and spleen were removed, weighed, and homogenized in 1 ml of PBS-B. Serial dilutions were performed in PBS-B and then plated onto TSA plates to determine CFU counts in the NW and each organ.
RESULTS AND DISCUSSION
Identification and mutagenesis of P. aeruginosa PA103 wzz genes. Our laboratory previously identified the gene encoding the O-antigen chain length regulator, wzz, of the serogroup O11 strain P. aeruginosa PA103 in the O-antigen gene cluster. This protein has 41% identity to the PAO1 (serogroup O5) Wzz1 protein with the predicted N-and C-terminal transmembrane domains characteristic of all Wzz proteins (6) . To identify the wzz2 gene from PA103, primers were designed against the PAO1 wzz2 nucleotide sequence (PA0938). These primers amplified a region of the PA103 genome of approximately the same size as that predicted for the PAO1 wzz2 fragment, about 600 bp. Sequence analysis of this fragment revealed 95% nucleotide identity to the sequence of the PAO1 wzz2 gene. Sequencing of the area surrounding the proposed wzz2 gene, using primers PA0937 Fd and PA0939 Rv ( Table 2 ), indicated that this gene was in the same region of the genome as the wzz2 gene from PAO1, with 96% nucleotide identity.
The amino acid sequence of the PA103 Wzz2 protein was analyzed using TMpred (http://www.ch.embnet.org/software /TMPRED_form.html) to generate a hydropathy plot and predict putative transmembrane domains. Wzz2 exhibited the amino-and carboxy-terminal transmembrane domains characteristic of all other Wzz proteins (20) , including PA103 Wzz1. Morona et al. reported a correlation between the coiled-coil potential of the periplasmic loop of Wzz and the length favored by that protein and suggested this coiled-coil potential may be related to protein activity (20) . The coiled-coil potential of each PA103 Wzz protein was analyzed using COILS (http://www.ch.embnet.org/software/COILS_form.html). Wzz1 is predicted to have one coiled-coil in its periplasmic region, while Wzz2 is predicted to have two to three coiled-coils, similar to the coiled-coil predictions for the PAO1 Wzz proteins. Using FASTA (http://fasta.bioch.virginia.edu), comparison of the Wzz2 sequences between PAO1 and PA103 revealed 95% nucleotide identity and 92% amino acid similarity. The PAO1 and PA103 Wzz1 proteins had 55% nucleotide identity and 75% amino acid similarity. Comparing the Wzz1 protein from either strain to either Wzz2 protein resulted in ϳ50 to 75% nucleotide identity and amino acid similarity.
We constructed PA103 strains with mutations in each of the wzz genes. The wzz1 gene was interrupted by allelic exchange using a Gm r cassette; the wzz2 gene was interrupted with a Tc r cassette. A double mutant with interruptions in both wzz genes was also isolated. Interruption of these genes was confirmed by both PCR and Southern blot analyses. To confirm the insertion of the antibiotic resistance cassettes by PCR, the primers amwwzz1 and amwwzz2 were used to detect the interruption of wzz1, and primers Wzz2 Int Fd and Wzz2 Int Rv were used to detect the interruption of wzz2. Wild-type wzz1 was amplified as a 1-kb fragment, while interruption with the 1-kb Gm r cassette amplified a 2-kb fragment. Similarly, interruption of the wild-type 600-bp wzz2 fragment with the 2.1-kb Tc r cassette resulted in a 2.7-kb product. For Southern blotting, we used PCR amplicons of the wzz coding regions generated using the primers Wzz1 Fd and Wzz1 Rv for the wzz1 gene and Wzz2 Start Fd and Wzz2 Ext Rv for the wzz2 gene. Digestion of the genomic DNA with XhoI for the wzz1 gene detected a 3.7-kb band for the wild-type wzz1 gene; insertion of the Gm r cassette revealed a fragment of 4.7 kb. A StuI digestion was performed for the wzz2 gene; a 2.9-kb band for the wild-type wzz2 gene and a shift to 5 kb when the Tc r cassette was inserted were observed. None of the mutants exhibited any defect in growth compared to the wild-type PA103 strain (data not shown).
Effects of wzz mutations on LPS expression. To determine the effects the mutations had on O-antigen expression, LPS was isolated from PA103 and the wzz mutant strains and analyzed by SDS-polyacrylamide gel electrophoresis and immunoblotted with polyclonal serogroup O11 antisera. Strain PA103 has a preference for two O-antigen chain lengths, referred to as long and very long, as indicated by the intensity of the staining of these chain lengths (Fig. 1A) . Each of the mutants showed a different pattern of O-antigen expression than the wild-type PA103 strain. In the wzz1 mutant, the expression of the long O-antigen chain length was reduced, suggesting that the Wzz1 protein is responsible for the preference of long O-antigen. On the other hand, the wzz2 mutant was missing very long O-antigen, suggesting that Wzz2 was responsible for the expression of the very long O-antigen chain length in strain PA103. These chain lengths correlate with the coiled-coil prediction for regulated chain length, where Wzz1 with fewer coils produces long chain lengths while Wzz2, with two to three predicted coiled-coils, produces the very long chain length in strain PA103. The double mutant had reduced expression of both chain lengths; however, antibody staining indicated it had not lost the ability to generate long O-antigen side chains.
FIG. 1. Effects of wzz mutations. A) Effect on B-band expression.
Overnight cultures of strains were diluted to an OD 600 of 0.5, and a hot aqueous phenol LPS extraction was performed. Samples were run on an 8% polyacrylamide gel, and Western blotting was performed using rabbit polyclonal serogroup O11 antisera. The migration patterns of the long and very long O-antigen side chains are shown. B) Effect on A-band expression. Whole-cell extracts were prepared and run on a 12% gel. Western blotting was performed using the N1F10 common antigen monoclonal antibody. DM, double mutant.
It should be noted that the loss of Wzz1 activity only inhibits the preference for the long O-antigen side chain, while the loss of Wzz2 results in the complete absence of all very long O side chains of this length. Whether this is due to the statistical improbability of making very long O-antigen in the absence of a regulator or indicates some difference in the activity of these two proteins is not known. These results are similar to what was obtained for strain PAO1: in PAO1, Wzz1 is responsible for regulating chain lengths of 12 to 16 and 22 to 30 subunits, and Wzz2 regulates chain lengths between 40 and 50 subunits. In strain PA103, the exact range of subunits that constitute the long or very long side chains has so far not been determined; up to 30 subunits have been counted, but this number was less than the number of subunits corresponding to the long Oantigen chain lengths. Our findings that the double mutant still produces long chain lengths is in contrast to other reported double wzz mutants, which typically produce a smaller amount of a given chain length as the number of subunits added increases. For example, antibody to the O-antigen is unable to detect chain lengths much beyond the first range (12 to 16 subunits) of PAO1's Wzz1 in the PAO1 double mutant, and neither the S. enterica serovar Typhimurium nor S. flexneri double mutants produce chain lengths beyond 20 subunits (19, 22) .
To ensure that the LPS phenotypes observed in the wzz mutants were due to the mutations in the indicated genes and not polar effects, especially since wzz1 is at the beginning of the O-antigen locus, complementation analysis was performed. The coding region of each gene was inserted into the pMMB66HE vector under control of the Ptac promoter. Isopropyl-␤-D-thiogalactopyranoside (IPTG) was used to induce expression of the proteins, and LPS samples were prepared from the complemented strains (Fig. 2) . The presence of vector alone in all strains did not affect the LPS banding patterns (Fig. 2, lanes 1, 4, 7, and 10) . Overexpression of each gene in wild-type PA103 resulted in a slight increase in the respective chain lengths, as evidenced by darker staining; providing wildtype PA103 with wzz1 in trans led to an increased amount of long chain length on the bacterial surface, while overexpression of wzz2 led to more with very long chain length (Fig. 2,  lanes 2 and 3) . When the wzz1 mutant was provided with the wzz1 coding sequence in trans, darker staining similar to what is seen in the wild type was evident, indicating the preference for long chain length was reestablished (Fig. 2, lane 5) . Providing the wzz2 coding sequence in trans to the wzz2 mutant allowed for the production of the very long O-antigen that was missing in the mutant (Fig. 2, lane 9) . Transforming the wzz genes into the double mutant created LPS banding patterns that were similar to those of the single mutants of the gene that was still absent (Fig. 2, lanes 11 and 12) . We also performed cross-complementation, which was not performed in the study by Daniels et al. (5) using the wzz mutants of PAO1. We found that providing either wzz gene in the other wzz mutant resulted in overproduction of the chain length expressed by the cloned gene (Fig. 2, lanes 6 and 8) .
It is interesting that providing the wzz genes in trans in the respective wzz mutants did not simply restore the wild-type PA103 LPS banding pattern. It appeared that the overexpression of one Wzz protein inhibited the activity of the remaining chromosomally encoded Wzz protein. While this was the case for the complemented wzz2 mutant, in which there were reduced amounts of the long chain lengths when wzz2 was expressed in trans (Fig. 2, lane 9 ) compared to the empty vector (Fig. 2, lane 7) , this was best evidenced by the complementation of the wzz1 mutant (Fig. 2, lane 5) . When wzz1 was provided in trans in the wzz1 mutant, the expression of very long O-antigen was lost despite the presence of the wild-type wzz2 gene in the chromosome. This is in contrast to what was seen in the complementation of the single wzz mutants of strain PAO1; overexpression in trans of either Wzz protein had no discernible effect on the amount of the chain length regulated by the remaining chromosomally encoded wzz gene and resulted in strains with LPS that looked like the wild type (5). However, Carter et al. (4) recently described results similar to ours when they overexpressed the wzz genes of S. flexneri in a wild-type strain. They saw that overexpression of the wzz gene located within the O-antigen locus (wzz sf ) inhibited the effect of the other wzz gene (wzz pHS-2 ), and they hypothesized that the Wzz sf protein may compete better for the proteins of the putative O-antigen assembly complex (Wzx, Wzy, and WaaL) compared to the Wzz pHS-2 protein (4). Our results suggest the control of O-antigen chain length in P. aeruginosa PA103 is also mediated by the ratio of the levels of the Wzz1 and Wzz2 regulators present in the cell, as suggested by Morona et al. in their molecular chaperone theory of how the Wzz proteins regulate O-antigen chain length (21) . It has been noted for Yersinia enterocolitica that overexpression of the Wzz protein helps the putative O-antigen assembly complex work more efficiently (1). Daniels et al. (5) reported cross-linking data providing evidence that the two Wzz proteins of PAO1 exist in different assembling complexes. Our results fit nicely with this model and suggest that a complex that includes one Wzz protein may interfere with the activity of complexes containing the other Wzz protein, as seen when overexpression of wzz1 inhibited production of the very long O-antigen regulated by the wzz2 gene still present in the chromosome (Fig. 2, lane 5) .
The effect of the wzz mutants on A-band expression was also
Complementation of wzz mutants. The coding region of either wzz1 or wzz2 was inserted under the control of the Ptac promoter into the plasmid pMMB66HE. P. aeruginosa strains containing the indicated plasmids were grown in LB overnight with appropriate antibiotic and 1 mM IPTG. LPS was extracted, and samples were run on an 8% acrylamide gel and detected using rabbit polyclonal serogroup O11 antisera. Lanes 1, 4, 7, and 10, the indicated strain plus pMMB66HE; lanes 2, 5, 8, and 11, the indicated strain plus pMMBwzz1; lanes 3, 6, 9, and 12, the indicated strain plus pMMB-wzz2. DM, double mutant.
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on November 11, 2017 by guest http://jb.asm.org/ investigated. The A-band is assembled in a Wzy-independent manner, but both the A-band and B-band synthetic pathways share the starting glycosyltransferase, WbpL (25) . Hot aqueous phenol LPS extractions immunoblotted with the A-band-specific monoclonal antibody (N1F10) demonstrated that the wzz1 mutant had a reduced amount of A-band compared to either PA103 or the wzz2 mutant (data not shown). The double mutant showed a defect similar to the wzz1 mutant. Similar results were obtained when whole-cell lysates were probed with the N1F10 antibody (Fig. 1B) , indicating this result is not due to problems with isolating A-band using the hot aqueous phenol extraction method. This finding is in contrast to the wzz1 mutant of PAO1, which was not observed to affect A-band production (3), illustrating an interesting difference between the wzz1 mutants in the two strains. Effects on A-band synthesis due to mutations in proteins in the assembling complex have been described previously (2): a mutation in the wzx flippase of PAO1 also impaired A-band synthesis, although this mutation could be complemented by overexpressing the initiating glycosyltransferase, WbpL. It was hypothesized that when the Bband assembling complex is unable to flip the O-antigen subunit to the periplasmic surface, the WbpL glycosyltransferase may not be released to aid in A-band synthesis (2). Complementation of our mutants with PA103 WbpL has not been performed, but our results suggest that interfering with steps later in the B-band assembly process may also interfere with A-band synthesis, as has been seen with the wzx mutation in PAO1. Alternatively, since our PA103 wzz1 mutant behaves differently with respect to A-band synthesis than the PAO1 wzz1 mutant, the interactions between proteins involved in A-band synthesis and B-band synthesis may be different in the two different serogroups. Serum sensitivity of wzz mutants. The length of the Oantigen side chain affects how gram-negative bacteria interact with the complement proteins of the innate immune system, with longer side chains preventing complement from reaching the bacterial surface to cause lysis (30) . It has been shown previously in P. aeruginosa that mutants deficient in O-antigen are much more susceptible to killing by complement than isogenic wild-type strains (23) . To determine whether the change in O-antigen chain length preference resulted in altered resistance to complement, PA103 and the wzz mutants were incubated in diluted normal human serum to determine sensitivity to complement. At a 12.5% serum concentration, the wzz1 mutant and double mutant exhibited reduced survival compared to wild-type PA103, but the wzz2 mutant did not differ in its survival compared to the wild-type strain (Fig. 3) . The results were similar at the 20% serum concentration, where again the wzz1 and double mutant were more serum sensitive than strain PA103 and the wzz2 mutant. PA103 and the wzz2 mutant exhibited a dose-dependent decrease in survival as serum concentration increased from 12.5% to 20%, while the wzz1 and double mutant did not. This is probably due to the inherent serum sensitivity of the wild-type PA103 strain compared to other strains of P. aeruginosa (23) , which makes detecting differences at this higher concentration of serum more difficult. These results indicate that the long chain length regulated by the Wzz1 protein plays a greater role in protecting P. aeruginosa from being killed by complement.
Daniels et al. (5) hypothesized that since wzz2 is present in all 20 serogroups of P. aeruginosa and is therefore more homologous among all strains compared to wzz1, it could be involved with complement resistance. Our results suggest that the long chain length, regulated by Wzz1, and not the very long chain length regulated by Wzz2, is more important for complement resistance for strain PA103. Similar results were found in S. enterica serovar Typhimurium, where the loss of the long O-antigen chain length encoded by the wzz gene (wzz st ) adjacent to the O-antigen locus resulted in increased killing in serum, while the mutant in the wzz gene regulating very long O-antigen side chain (wzz fepE ) behaved like the wild type (22) .
Effect of O-antigen chain length on virulence in a mouse model of infection.
We next determined what role the two different chain lengths preferred by the two Wzz proteins play in the virulence of P. aeruginosa. O-antigen-deficient mutants disseminate less readily in a mouse model of infection and have higher LD 50 s compared to isogenic wild-type strains of P. aeruginosa (23) . To determine the role of O-antigen chain length regulation on the virulence of PA103, we tested the wzz mutants in an acute pneumonia mouse model of infection. The LD 50 s of the wzz mutants were calculated in BALB/c mice ( Table 3 ). The LD 50 of the wzz2 mutant was about 1.5 times that of the wild-type PA103, but this was not statistically significant. The wzz1 mutant had an LD 50 that was nearly 4.5 times that of wild-type strain PA103 (P Ͻ 0.05). These results FIG. 3 . Serum sensitivities of wzz mutants. Bacteria were incubated for 1 hour at 37°C with shaking in either 12.5% or 20% human serum. Neither PBS nor heat-inactivated serum had an effect on bacterial viability. Percent survival was calculated as follows: [(number of bacteria recovered)/(number of bacteria added)] ϫ 100. Bars represent the means of at least three experiments, and error bars represent the standard deviations. One-way analysis of variance (KruskalWallis test) of the 12.5% serum concentration results showed statistically significant differences between groups (P Ͻ 0.05). * , statistically significant difference (P Ͻ 0.05) compared to wzz2 as determined with the Mann-Whitney U test. No statistical significance was determined by either one-way analysis of variance or t tests for the 20% serum data sets. DM, double mutant. suggest that the control of the long chain length plays a more critical role in this infectious process for the virulence of P. aeruginosa than does the presence of the very long chain length. The double mutant had an LD 50 that was significantly higher than the wzz1 mutant.
The survival curves of mice intranasally infected with wildtype PA103 and the wzz mutant strains mirror the LD 50 results (Fig. 4) . Wild-type PA103 was the most virulent; at the dose given (ϳ5.5 ϫ 10 5 CFU), all infected mice eventually succumbed to the infection. At a similar dose, fewer mice infected with the wzz1 mutant succumbed to the infection compared to the wzz2 mutant, which was only slightly attenuated compared to the wild-type strain. Results were similar at higher doses (ϳ2.5 ϫ 10 6 CFU), where wzz1-infected mice took longer to succumb to the infection than mice infected with the wzz2 mutant (data not shown). Mice infected with the double mutant survived the longest at both doses, suggesting an additive effect for the loss of virulence when both chain lengths are no longer preferred on the bacterial surface. In fact, at a dose of ϳ5 ϫ 10 5 CFU, the double mutant was completely avirulent. Given the attenuation of the wzz1 mutant in these assays, our results suggest that the long chain length regulated by Wzz1 plays a more important role during infection than the very long chain length regulated by Wzz2. It should be noted that the attenuation resulting from the wzz1 mutation is likely not due to the observed defect in A-band production, since the A-band is hidden by the longer B-band that is still present on the surface (12) .
The LPS of P. aeruginosa has been implicated in the adhesion of the bacterium to host cells and therefore may affect the ability to spread from the lung in the pneumonia model of infection. To determine whether O-antigen chain length was involved in this process, we monitored nasal washes and lung tissues for the presence of bacteria 24 hours after intranasal inoculation. Dissemination of the bacterial strains to the liver and spleen was also determined at this time point (Fig. 5) . There was no statistically significant difference from wild-type PA103 in the amount of bacteria present in the nasal washes for any of the wzz mutants, suggesting that these bacteria do not differ significantly in their ability to adhere to host tissues.
There was also no statistical difference in the means of the samples obtained from the lungs of mice infected when comparing all strains, although the amount of wzz1 mutant was significantly higher from wild-type PA103 in this organ. Similarly, the wzz1 mutant was the only mutant significantly higher than the wild type in dissemination to the liver. Finally, the amount of bacteria reaching the spleen when mice were infected with the double mutant was significantly lower compared to wild-type PA103. Our results suggest that there may be some defect in bacterial spread from the initial site of infection when P. aeruginosa is lacking both preferred O-antigen chain lengths, but overall there appears to be little difference in dissemination between the wild type and any of our wzz mutants.
Previous studies using this same mouse infection model showed that wild-type PA103 readily disseminated but PA103 mutant strains lacking O-antigen, while maintaining cytotoxicity, were unable to spread from the site of initial infection (23) . Whether our wzz mutants exhibit any changes in adherence or cytotoxicity has not been tested in any in vitro assays, although our findings in the mouse model of infection suggest that the changes in the preferred length of the O-antigen side chain do not affect adherence to host tissues and are not critical for dissemination. However, our results do suggest that the Oantigen chain length is playing some other important role in the infectious process, likely related to the serum sensitivity, since our wzz1 mutants are attenuated compared to wild-type PA103.
In conclusion, we have identified the wzz genes of P. aeruginosa PA103. The wzz1 gene was previously recognized to be a part of the serogroup O11 antigen biosynthetic loci. The second wzz gene, wzz2, was identified and found to be located in the same area of the genome and 92% similar to the previously identified wzz2 gene (PA0938) from PAO1 serogroup O5. Mu- 5 . Curves were plotted using the Kaplan-Meier method, and curve comparisons were done using the log-rank test. The PA103 and wzz2 survival curves were each significantly different from the DM curve (P Ͻ 0.05). No other statistically significant differences were detected. tants were made in PA103 wzz1 and wzz2 genes. It was determined that Wzz1 was responsible for the preference for long O-antigen chain length while Wzz2 was responsible for producing very long O-antigen chain length. It was also determined that the mutation in wzz1 affected production of the A-band common antigen. The virulence of these wzz mutants was investigated, and it was found that the loss of long chain length regulated by Wzz1 resulted in a greater ability for the bacteria to be killed by complement than the loss of very long chain length. Similarly, the loss of long O-antigen chain length had a larger effect on the LD 50 of the wzz1 mutants, indicating the long chain length is more important for the virulence of P. aeruginosa strain PA103.
